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Abstract 
The difficulty in experimentally characterizing the dynamics of gastric contents during digestion has limited the 
knowledge required to understand and model the kinetics of food disintegration. The goal of this work was to 
experimentally characterize, in a closed system, the peristaltic flow of fluids with different rheological properties. An 
experimental apparatus was developed to reproduce the general characteristics of gastric motility, while supporting 
the use of a non-intrusive flow measurement technique (Particle Image Velocimetry). The apparatus consisted of a 
polycarbonate chamber with one neoprene wall that was continuously deformed by vertically moving a stainless steel 
cylinder at a speed of 3.5 mm/s. The fluid dynamics of three Newtonian fluids (water, and water solutions of 10% and 
95% corn-syrup) and two shear thinning fluids (water solutions of 0.15% and 0.50% CMC) were investigated. In 
addition, the effect of the occlusion ratio (30, 45 and 60%) on the fluid dynamics of water within the system was 
analyzed. Experimental results showed that the loci of maximum velocity were present in the section corresponding 
to the location of the hump peak. As the viscosity of the Newtonian fluid increased, higher and more localized 
retropulsive velocities developed. However, these differences were not observed in the dynamics of shear thinning 
fluid flows. As the viscosity of the fluid increased, a more ordered flow developed, but no differences were found 
with respect to maximum values of shear rates or vorticity. The differences in the overall flow behaviour of the two 
CMC solutions were even less noticeable, but they both exhibited lower shear rates and vorticities than the 
Newtonian fluid. By decreasing the compression ratio of the hump, the maximum water velocity within the system 
decreased by 45%, while the maximum values of shear and vorticity decreased by 18% and 23%, respectively. This 
work showed the significant effect of the rheological properties of the flow on the fluid-dynamics within a closed 
system due to the peristaltic deformation of its wall. From a boarder perspective, this work demonstrated the 
relevance of acquiring a good characterization of the rheology of gastric contents to fully characterize the fluid-
mechanical forces involved in food digestion. 
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1. Introduction 
To determine the bioaccessibility of nutrients from foods in the gastrointestinal (GI) tract, it is essential 
to develop a fundamental understanding of the mechanisms driving the disintegration of food structures 
during gastric digestion [1]. During gastric digestion, disintegration of food occurs due to a number of 
complex interactions of chemical and mechanical actions. By mixing, grinding and rubbing of gastric 
contents, gastric flows are expected to not only promote the mechanical breakdown of food structures, but 
also to enhance their chemical disintegration during digestion. However, the complex geometry and 
motility of the human stomach has so far prevented a good understanding and characterization of the 
dynamics of gastric contents under different physiological conditions [2, 3]. The goal of this work was to 
experimentally characterize the flow of liquid samples of different rheological properties developed 
within a closed system due to the peristaltic deformation of one of its walls. 
2. Materials and Methods 
Under the scope of this study, the fluid-dynamics of peristaltic flow of different fluids with unique 
rheological behaviours were experimentally characterized by using a non-intrusive flow measurement 
technique called Particle Image Velocimetry (PIV). A physical apparatus was designed and constructed at 
the University of Salerno, Italy, in order to be coupled to a non-intrusive flow measurement technique 
Particle Image Velocimetry, (TSI Incorporated, Shoreview, MN) available at the Food Engineering Lab 
of UC Davis, California, USA. Since the use of PIV required optical access to the flow domain, the 
apparatus consisted of a polycarbonate chamber with one deformable wall made of neoprene. The internal 
dimensions of the chamber were 20.5 x 20.5 x 2.0 cm. The deformation of the neoprene wall was created 
with a stainless steel cylinder (diameter: 6.0 cm; max-length: 20.9 cm) whose position could be varied in 
order to obtain a regularly-shaped hump and an occlusion ratio of up to 80%. The cylinder had rotational 
and vertical longitudinal movement due to ball-bearings that held it between two rails. A lead screw-drive 
actuator provided the vertical movement of the cylinder, with a vertical speed of the hump of 3.5 mm/s, 
characteristic of average value of peristaltic antral contraction waves (ACWs) travelling along the human 
stomach. The fluid-mechanical forces developed by the propagation of these ACWs towards the pylorus 
have been commonly assumed to be the main cause driving the digestion of solid foods [4].The fluid 
dynamics of three Newtonian fluids (water and water solutions of 10% and 95% corn-syrup, viscosities 
ranging from 10-3 Pa s to 1 Pa s) and two shear thinning fluids (water solutions of 0.15% and 0.50% 
CMC, viscosities ranging from 2x10-2 Pa s to 4.5x10-1 Pa s for shear rates of 10 s-1) were investigated. In 
the present study, the occlusion ratios of 30%, 45% and 60% were used in order to study the effect of this 
parameter on the fluid dynamics of water. 
The liquids used in the experiments were charged with pink fluorescent microspheres with a 
concentration able to provide at least 16 particle pairs per interrogation spot. During each experimental 
trial, 100 image pairs were obtained and saved in real time. 
The PIV tests made it possible to visualize the flow profiles obtained in the apparatus at various 
operating conditions. In order to compute the velocity field in the plane illuminated by the laser beam, an 
interrogation spot and a series of parameters needed for capturing the images were defined. The optimal 
time separation between the pulses for the analysed plane was determined to be 0.32 s.  
The flow profiles were analysed using the software Techplot. The components of the velocity field and 
the rate of strain and the vorticity were obtained. Data were post-processed using Matlab routines. 
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3. Results and Discussion 
Experimental results obtained in this work showed that retropulsive flows appeared for all the 
investigated occlusion ratios: as shown in figure 1, where velocity maps and streamlines obtained with 
water are presented for different occlusion ratios. The larger the occlusion ratio, the higher the strength 
and extension of the retropulsive jet-like structure developed within the system. The effects of occlusion 
ratios on the velocity peaks, for water, are shown in figure 2, where velocity magnitude is shown along a 
horizontal line in correspondence with the hump peak. 
In figure 3, the effect of the rheological characteristics of the investigated fluids on the fluid dynamics 
is shown. As the viscosity of the Newtonian fluid increased, higher and more localized retropulsive 
velocities developed (5.7±0.1 mm s-1 for water, 6.7±0.1 mm s-1 for 95% corn syrup solution). However, 
these differences were not observed in the dynamics of shear thinning fluid flows (6.4±0.1 mm s-1 and 
6.2±0.1 mm s-1 for 0.15% and 0.50% CMC-solution, respectively). The viscosity of the Newtonian fluid 
also affected the eddy formation within the system.  
The different rheological characteristics of the investigated fluids resulted in different distribution of 
rate of strain, as shown in figure 4. For Newtonian fluids, as the viscosity increased, the higher rate of 
strains extended within a wider region in the central part of the contracted region (figure 4, upper line). 
The two shear-thinning CMC solutions exhibited different rates of strain distribution, with a wider 
zone of greater magnitude in proximity of the hump peak for the lower concentration solution (lower-left 
plot in figure 4). 
Generally, as the viscosity increased, a more ordered flow developed, but no differences were found 
with respect to the maximum values of shear rates (1.7 s-1 water, 1.4 s-1 95% corn-syrup) or vorticity 
(3.9 s-1 water, 4.0 s-1 95% corn syrup), measured for the lower position of the hump (figure 5). 
The differences in the overall flow behaviour of the two CMC solutions were even less noticeable, but 
they both exhibited lower shear rates and vorticities than the Newtonian fluid (with shear rates of up to 
1.7 s-1 for the 0.5% CMC solution). By decreasing the compression ratio of the hump, the maximum 
water velocity within the system decreased by 45%, while the maximum values of shear and vorticity 
decreased by 18% and 23%, respectively. 
Clearly, the different rheological characteristics of the investigated fluids exhibited not just a different 
distribution of the flow field and of the velocity (both in terms of magnitude and direction) but also a 
different distribution of shear rates within the system. 
All of the experiments confirmed that the flow assumed a clear retropulsive jet nature only above a 
certain value of the occlusion rate. Formation of eddies and vortices were evident in all trials, especially 
for less viscous solutions. 
Fig. 1. Velocity maps and streamlines, for different occlusion rate (from left to right, 30%, 45%, 60%) 
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Fig. 2. Magnitude of velocity vectors along the horizontal line, at different occlusion ratios (blue, 30%; green, 45%; red, 60%), for 
water
Fig. 3. Velocity maps and streamlines, for different investigated fluids, at occlusion ratio of 60% 
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Fig. 4. Rate of strain maps, for different investigated fluids, at occlusion rate of 60% 
Fig. 5. Vorticity, for different investigated fluids, at occlusion rate of 60% 
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4. Conclusion 
Experimental results obtained in this work showed that retropulsive flows appeared for all the 
investigated The use of PIV allowed a detailed characterization of the behaviour of peristaltic flow as it 
develops within closed systems. The significant effects of the rheological properties of the fluid flow and 
of the occlusion rate on the fluid-dynamics developed within the system were delineated. The results 
demonstrated the relevance of acquiring a good characterization of the rheology of gastric contents to 
describe the fluid-mechanical forces affecting food digestion. 
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